Focal cortical CBF and oxygenation were measured in rats during repetitive seizures to determine whether CBF is maintained above a critical level for ad equate delivery of O2, Cerebral oxygenation was deter mined by measuring relative changes in the oxidation/ reduction level of cytochrome aa3 and CBF was mea sured by the washout of H2. During early seizures, cortical CBF increased to 350% of control and cortical oxygenation also rose markedly. During later seizures, both the increases in CBF and in cortical oxygenation were attenuated progressively. This was accompanied also by attenuation of the associated increases in MABP. Cortical oxygenation decreased during a seizure if the CBF, glucose consumption, and O2 consumption (CMR02) increase substantially during generalized seizures (Plum et al., 1968; Meldrum and Nilsson, 1976; Miller, 1981) . It is unclear, however, whether in increase in CBF is always sufficient to supply enough substrate and O2 to meet the tissue's en hanced requirements for energy, particularly during prolonged or recurrent seizures (status epilepticus). This issue is important because mismatches be tween supply and demand of substrate and O2 may contribute to the cellular damage observed in selec tively vulnerable regions of the brain following sta tus epilepticus (for reviews see Kreisman et aI., 77 increase in CBF failed to exceed 150-200% of control, defining the critical CBF value. Ventilating the rats on 97% O2 resulted in restoration of the seizure-associated increases in cortical oxygenation in 50% of the cases. The elevation of inspired O2 was effective only if CBF in creased once again above 150-200% of control, confirm ing that the critical CBF lies within this range of values. We conclude that CBF must rise >200% of control levels to provide sufficient O2 to meet the enhanced metabolic requirements of repetitive seizures.
Summary: Focal cortical CBF and oxygenation were measured in rats during repetitive seizures to determine whether CBF is maintained above a critical level for ad equate delivery of O2, Cerebral oxygenation was deter mined by measuring relative changes in the oxidation/ reduction level of cytochrome aa3 and CBF was mea sured by the washout of H2. During early seizures, cortical CBF increased to 350% of control and cortical oxygenation also rose markedly. During later seizures, both the increases in CBF and in cortical oxygenation were attenuated progressively. This was accompanied also by attenuation of the associated increases in MABP. Cortical oxygenation decreased during a seizure if the CBF, glucose consumption, and O2 consumption (CMR02) increase substantially during generalized seizures (Plum et al., 1968; Meldrum and Nilsson, 1976; Miller, 1981) . It is unclear, however, whether in increase in CBF is always sufficient to supply enough substrate and O2 to meet the tissue's en hanced requirements for energy, particularly during prolonged or recurrent seizures (status epilepticus). This issue is important because mismatches be tween supply and demand of substrate and O2 may contribute to the cellular damage observed in selec tively vulnerable regions of the brain following sta tus epilepticus (for reviews see Kreisman et aI., increase in CBF failed to exceed 150-200% of control, defining the critical CBF value. Ventilating the rats on 97% O2 resulted in restoration of the seizure-associated increases in cortical oxygenation in 50% of the cases. The elevation of inspired O2 was effective only if CBF in creased once again above 150-200% of control, confirm ing that the critical CBF lies within this range of values. We conclude that CBF must rise >200% of control levels to provide sufficient O2 to meet the enhanced metabolic requirements of repetitive seizures. Key Words: Cerebral blood flow-Cerebral cortex-Cerebrovascular resis tance-Hypoxia/ischemia-Seizures-Status epilepticus.
1983a; Siesj6 et aI., 1983; Wasterlain et aI., 1985; Siesj6 and Wieloch, 1986) .
It is widely accepted that the increase in CBF more than compensates for the increase in O2 de mand during the early period in experimental mod els of both sustained and recurrent generalized sei zures. Three lines of evidence support this conclu sion: (a) The percentage rise in CBF exceeds that for CMR02 (Plum et al., 1968; Meldrum and Nils son, 1976) ; (b) O2 tensions rise transiently in the cerebral cortex and hippocampus and in cerebral venous blood (Plum et al., 1968; Caspers and Speckmann, 1972; Vern et al., 1976; Kreisman et al., 1981a; Pinard et aI., 1984 Pinard et aI., , 1987 ; and (c) com ponents of the mitochondrial electron transport chain, NADH and cytochrome c oxidase (cy tochrome aa3), transiently become more oxidized (J6bsis et aI., 1971; Mayevsky and Chance, 1975; Vern et al., 1976; Hempel et aI., 1980; Kreisman et aI., 1981a) .
In models employing sustained seizures, how ever, the magnitude of the increase in CBF be comes progressively smaller as seizures continue (Meldrum and Nilsson, 1976; Horton et al., 1980; Ingvar and Siesj6, 1983; Ingvar et al., 1984) , while CMR02 remains elevated (Meldrum and Nilsson, 1976) . Consequently, it was proposed that CBP would eventually approach a critical level for sup plying adequate O2 to the brain, i. e., after 60-120 min of sustained seizures (Meldrum and Nilsson, 1976) . The seizure-associated rise in CBP also di minishes in models employing recurrent seizures (Caspers and Speckmann, 1972; Heiss et al., 1979) . Cortical oxygenation decreases in these models, as indicated by measurements of decreases in cortical tissue P02 (Caspers and Speckmann, 1972; Kreis man et al., 1981a) and associated reduction or lack of oxidation of cytochrome aa3 (Kreisman et al., 1981a (Kreisman et al., , 1983b . Although these investigators at tributed the decreased cortical oxygenation to in sufficient blood flow, no quantitative measurements of CBP were made in conjunction with measure ments of cerebral tissue O2 levels.
The objectives of the present investigation were to (a) determine whether the fall in cortical oxygen ation during later seizures is related to attenuation of the seizure-associated increase in cortical blood flow; (b) determine the critical blood flow level for adequate O2 delivery to the cerebral cortex during seizures; and (c) confirm a preliminary investigation showing that the transient cortical hypoxia during later seizures can be ameliorated by ventilating the animal with elevated levels of O2, Preliminary ac counts of some of the results reported here have been published (Brizzee and Kreisman, 1987; Kreisman et al., 1989) .
METHODS

Animal preparation and basic experimental protocol
Male Wistar rats (250-350 g) were anesthetized with sodium pentobarbital (50 mg/kg i.p.), intubated, and par alyzed with d-tubocurarine (IO mg/kg i.p.). The animals were respired with a mixture of30% O2 and 70% N2 using a positive pressure ventilator, which was adjusted in stroke volume and rate to yield blood gas values for P a02 between 100 and 140 mm Hg, Pac02 between 35 and 40 mm Hg, and pH between 7.35 and 7.45. Body tempera ture was maintained at 36--37"C with a heating pad with feedback control. Heparinized femoral arterial and ve nous cannulas were inserted for measurement of blood pressure and injection of drugs or fluids, respectively. Since the animal was paralyzed, close attention was given to recordings of the electrocorticogram (ECoG) and blood pressure for signs of arousal (i.e., low voltage, mixed 13 frequencies in the ECoG, and spontaneous or pain induced rises in arterial blood pressure). Using these cri teria, supplemental doses of pentobarbital were adminis tered periodically intraperitoneally or intravenously to maintain a surgical level of anesthesia. The animal was fixed in a stereotaxic headholder and the skin and muscle overlying the calvarium were reflected, leaving the skull intact. The ECoG was monitored from two stainless-steel screws threaded into the skull with the tips resting on the dura.
J Cereb Blood Flow Metab, Vol. 11, No.1. 1991 Pentylenetetrazol (PTZ; in a 10% solution with pH ad justed to 7.40) was injected intravenously as a bolus of 0.02 ml every 20 s, until an individual seizure was evoked. This procedure was repeated at intervals of 5-7 min. Of ten, loud clapping or tapping noises were used in con junction with PTZ to trigger generalized seizures. The use of sensory stimulation decreased the amount of PTZ that otherwise would have been required and helped to avoid secondary complications such as prolonged increases in blood pressure and pulmonary edema. As a further pre caution, 1-3 ml of arterial blood was withdrawn from 5 of the 22 animals to prevent prolonged, excessive rises in MABP during early seizures. The shed blood was rein fused via a femoral vein during later seizures to help avoid hypotension. All rats were killed with an intrave nous injection of 3 M KCl after 80-120 min of seizures.
Dual-wavelength reflectance spectrophotometry of redox changes in cytochrome aa3
Optical measurements of relative changes in the oxida tion/reduction state of cytochrome aa3 were made in vivo using a dual-wavelength reflectance spectrophotometer as described previously (Kreisman et aI., 198 1b) . Light from a xenon source was chopped at 60 Hz with a mo torized shutter and filtered with narrow bandpass filters to produce reference (590 nm) and sample (605 nm) light beams with a bandwidth of ±2 nm at half-maximal trans mission. These light beams alternately illuminated the cortex via a randomized, Y -shaped fiber optic bundle (di ameter 6.35 mm). Reflected light was collected through a microscope objective (x5) focused onto a photomultiplier tube with a x 15 eyepiece. The voltage analogue of the reflectance at 590 nm (reference signal) was subtracted continuously from the voltage analogue of the reflectance at 605 nm (the wavelength of maximum light absorption by reduced cytochrome aa3) to compensate for interfer ence by changes in hemoglobin oxygenation, hemoglobin volume, and light scattering (J6bsis et aI., 1977) . Optical measurements were made through the intact skull to elim inate possible effects of craniotomy on the cerebral vas culature . The optical field over the parietal cortex was 3.2 mm in diameter, and it has been estimated that the light penetrates 1-2 mm into brain tis sue (J6bsis et al., 1977) .
Local measurement of cortical CBF
CBF was determined with the H2 washout method (Aukland et aI., 1964) . H2-sensing electrodes were made from platinum wire, 76 J.Lm in diameter, which were in sulated with a coating of high dielectric strength (Insl-x Products Corp., Yonkers, NY, U.S.A.), so only the cross-sections of the tips were exposed. One or two elec trodes were positioned 400-800 J.Lm below the surface of the parietal cortex near the optical field. Electrodes were polarized to + 0.5 V with respect to a grounded Ag/ AgCI reference electrode, which was connected to a neck mus cle via an agar-saline bridge. For each CBF measure ment, 3% of the N2 in the inspired gas mixture was re placed briefly with 3% H2. The voltage analogue of the Hz washin and washout curve was recorded on a chart-pen recorder and on magnetic tape, the curve was digitized, and a semilog plot was constructed. CBF was calculated from the slope of the semilog pilot, using an equation derived from the Fick principle: CBF = Aitl/2, where tl/2 is the time in seconds for the tissue concentration of H2 to decrease 50% and A is a constant (4 1.58), which is the product of the natural log of 2 (i.e., 0.693) x 1 g x 60 s. The tissue/blood partition coefficient for H2 was assumed to be unity (Aukland et aI., 1964 ) . This gives a flow value with the dimensions of milliliters per gram per minute. CBF measurements were accepted only if three strict cri teria were met: (a) ECoG activity had to be relatively homogeneous (e.g., during seizures, both the washin and the washout of H2 had to coincide with the tonic phase of ECoG activity); (b) the semilog plot of the washout curve had to show a clear linear portion, indicative of an expo nential decay, lasting >20 s; and (c) the washout curve had to return to the pre seizure baseline level. In most cases, the washout curve showed more than one expo nential function, but only flows calculated from the ini tial, faster component were reported. Cerebrovascular re sistance (CYR) was estimated by dividing MABP by CBF.
At least three H2 washout curves were generated dur ing the pre seizure control period and the mean of the results was reported. Individual CBF values varied by <10% during this time. H2 was also administered to mea sure CBF during the tonic phase of ECoG activity during each PTZ-induced seizure and occasionally during in terictal periods. Additionally, CBF measurements were made during brief (5-10 min) periods of ventilation with 97% O2 (balance N2 or H2) performed within each exper iment during the preseizure control period, during later seizures, and occasionally during early seizures. A I-to 2-min period was allowed for equilibration with the new gas mixture before H2 was administered for a subsequent CBF measurement.
Statistical analysis of data
Measured values within and between various experi mental groups were compared with an analysis of vari-
ance, followed by the Newman-Keuls multiple compari son test. p < 0.05 was considered a significant difference. All values are reported as means ± SD.
RESULTS
Cortical oxygenation
Oxygenation of the cerebral cortex increased phasically during early seizures in all rats, as indi cated by an increase in the proportion of oxidized/ reduced cytochrome QQ3 (Figs. I and 2 ). The oxi dation/reduction state of cytochrome QQ3 usually re turned to baseline following termination of each seizure during this early period. Rats were divided into two groups, depending on the changes in cor tical oxygenation observed late in the series of re petitive seizures. The first group of rats (the hyper oxic response group; n = 10) were those in which cortical oxygenation continued to rise phasically during later seizures. The second group of rats (the hypoxic response group; n = 12) were those in which phasic cortical hypoxia developed during later seizures (i.e., cortical cytochrome QQ3 either became more reduced or failed to become more ox idized during each seizure). An example of the at tenuation of cerebral oxygenation is shown in Fig. lA-C. Although the seizure-associated increases in cortical oxygenation were attenuated progressively in both groups, they were attenuated far more se verely and more rapidly in the group subsequently
Sample records from an experiment showing changes in cortical oxygenation and CBF during serial pentylenetetrazol induced seizures in a rat anesthetized with pentobarbital. A downward deflection of the Cyt. aa3 trace signals a decrease in the fraction of reduced/oxidized cytochrome aa3 (Le., an increase in cortical tissue oxygenation). An upward deflection of the trace indicates an increase in the fraction of reduced/oxidized cytochrome aa3 (Le., a decrease in tissue oxygenation). Absolute values of CBF in ml/g/min and as a percentage of the preseizure value (in parentheses) are shown next to each of the H2 traces, which are inverted in this example. A: Preseizure control period; B: third seizure; C: fifth seizure (CBF and Cyt. aa3 oxidation both fail to increase); D: sixth seizure (increase in CBF and phasic oxidation of Cyt. aa3 are both restored by breathing 97% O2); E: eighth seizure (returning to 30% O2 reinstates cerebral hypoxia); and F: ninth seizure (breathing 97% O2 once again restores the increase in both CBF and Cyt. aa3 oxidation). ECoG, electrocorticogram; Art. BP, arterial blood pressure. showing the transition to cortical hypoxic responses (Fig. 2) . A summary of changes in the oxidation/reduction state of cortical cytochrome aa3 during early and late seizures in both groups is shown in Fig. 2A . The designation of seizures as "early" or "late" in the hypoxic response group was based on whether cytochrome aa3 became, respectively, more oxi dized or more reduced during a given seizure. The criterion was based upon the change in cytochrome aa3 oxidation/reduction state rather than on either time or number of seizures because the rate of de velopment of the transition from hyperoxic to hyp oxic responses varied considerably among experi ments. Seizure periods exceeded 80 min in all ex periments.
EARLY SEIZURES LATE SEIZURES
For rats in which cortical hyperoxia accompanied every seizure, the initial 55-65% of the total number of seizures were designated as early seizures and the final 35-45% were designated as late seizures. This was comparable with the proportions of early versus late seizures observed in the hypoxic re sponse group. In the hyperoxic response group, the mean total number of seizures was 13 ± 4, mean seizure duration was 80 ± 26 s, and mean intersei zure interval was 435 ± 124 s. In the hypoxic re-J Cereb Blood Flow Metab. Vol. 11. No.1. 1991 sponse group, the mean total number of seizures was 12 ± 4, mean seizure duration was 80 ± 25 s, and mean interseizure interval was 424 ± 98 s. There were no significant differences in these val ues either between the hypoxic and hyperoxic re sponse groups or between early and late seizures. Additionally, arterial blood gas and pH values were essentially identical in the two groups at compara ble periods in the experiment (Table I) . Therefore, the hyperoxic response group served as a good con trol for the hypoxic response group.
Cortical CBF CBF in the pre seizure period was similar in all groups (Table 2) . CBF rose to 365% of control (range 212-598%) during early seizures, but this in crease became attenuated significantly during later seizures, rising to a mean of 247% of control (range 167-311 %) in the hyperoxic response group and only 152% of control (range 111-198%) in the hyp oxic response group (Fig. 2B) . Therefore, the crit ical CBF for seizures is somewhere between 152 and 247% of the pre seizure CBF value.
The attenuation of increases in CBF during later seizures was often a reflection of marked attenua tion in the seizure-associated rise MABP (Fig. 2C ; 
Values are means ± SD. PaOZ and PaCOZ values are in mm Hg. Nos. of animals are in parentheses. There were no significant differences in values between groups. Table 3 ). Although MABP rose �35 mm Hg above the baseline level during early seizures in both groups, the rise was attenuated markedly in all rats of the hyperoxic response group and was converted to a decline in 10 of 12 rats in the hypoxic response group (Fig. 2C ). In the hyperoxic response group, basal MABP rose from 123 ± 13 mm Hg during the pre seizure period to 148 ± 11 mm Hg during early seizures and 122 ± 30 mm Hg during late seizures (Table 3 ). The basal values of MABP in the hypoxic response group were comparable at 117 ± 13 mm Hg (preseizure), 140 ± 14 mm Hg (early seizures), and 110 ± 25 mm Hg (late seizures). Mean CVR fell to <50% of control during early seizures in both groups (Fig. 2D ; Table 4 ). CVR remained low during later seizures in both groups but rose somewhat in the hypoxic response group. However, the magnitude of the rise was not statis tically significant.
Restoration of hyperoxic responses during later seizures
Attempts were made to restore increases in cor tical oxygenation in the 12 rats in the hypoxic re-sponse group. Following the observation of two consecutive seizures accompanied by either reduc tion or lack of oxidation of cytochrome aa3' the O2 content of the inspired gas was switched from 30 to 97% and two more seizures were evoked at the usual interval of 5-7 min. Thereafter, the level of inspired O2 was returned to 30%. The 12 rats were divided into two groups based on the direction of seizure-associated changes in the independent vari able, i.e., the oxidation/reduction state of cy tochrome aa3 (Fig. 3A) . Ventilation with 97% O2 was successful in restoring hyperoxic responses during subsequent seizures in six rats, whereas this treatment was unsuccessful in the other six rats. This provided an opportunity to ascertain whether any of the other measured variables correlated with the successful restoration of hyperoxic responses ( Fig. 3B-D) . CBF was reelevated above 200% of control in the six rats in which restoration of hyper oxic responses was successful, whereas the in crease in CBF diminished further in the other six rats in which restoration was unsuccessful. An ex ample of successful restoration of hyperoxic re sponses is shown in Fig. 1 . Early seizures ( Fig. lA  and B) were associated with an increase in CBF Values are means ± SD expressed as mm Hg. There were no significant differences in basal values. from 1.3 to 3.5 mllg/min, an increase of 269%, and an increase in the ratio of oxidized/reduced cy tochrome aa3. Note the associated increase in MABP. During later seizures ( Fig. 1 C) , CBF fell back to preseizure control values and cytochrome aa3 failed to oxidize. MABP decreased phasically during seizures in this later period. However, ven tilation with 97% O2 (Fig. lD) raised CBF to 3.0 mllg/min and restored the increase in cytochrome aa3 oxidation. To rule out that this effect was for tuitous, inspired O2 was changed back to 30% (Fig.  1 E) . CBF again approached preseizure control lev els and cytochrome aa3 became more reduced. Fi nally, raising inspired O2 once again to 97% restored both the seizure-associated increase in CBF and the increase in oxidation of cytochrome aa3 (Fig. IF) . Note that the basal MABP was higher and the sei zure-associated decrease in MABP was smaller dur ing ventilation with high levels of O2, Unfortu nately, progressive hypotension during these exper iments limited the duration over which ventilation with 97% O2 was effective in restoring both a vig orous increase in CBF and an increase in the frac tion of oxidized/reduced cytochrome aa3 ' The data were inspected carefully to determine what differences, if any, between the two groups might explain the success or failure of administra-tion of 97% O2 in restoring increases in cerebral oxygenation during later seizures. First, the failure of high concentrations of O2 to restore seizure associated hyperoxia was not related to differences in blood gas levels. Arterial P02 was 324 ± 74 mm Hg in the group where 97% O2 restored hyperoxic cortical responses versus 289 ± 41 mm Hg in the group where hyperoxic responses were not re stored. Arterial Pco 2 was identical at 39.0 mm Hg in both groups and pH was 7.177 ± 0.07 and 7.187 ± 0.09, respectively. None of these values were sig nificantly different. However, the magnitude of both the seizure-associated increase in CBF (Fig.  3B ) and the basal MABP (Table 3) diminished more rapidly in the rats in which ventilation with 97% O2 was ineffective in restoring hyperoxic cerebral re sponses. In this group, basal MABP decreased by 39 mm Hg during the period beginning from the last late seizure under 30% O2, though the period where 97% O2 was given, and on to the conclusion of the experiment (i.e., �20 min). Additionally, ventila tion with 97% O2 did not as effectively ameliorate the phasic decrease in MABP in this group of rats (Fig. 3C) . The rapidly falling MABP in these rats likely signaled incipient cardiovascular collapse, which could have been responsible for failure of adequate increases in MABP and CBF to be re- stored upon ventilation with 97% 02' In contrast, basal MABP was considerably more stable during later seizures in the six rats in which restoration of hyperoxic responses was successful, falling only 9 mm Hg in a comparable period. This suggests that these rats had a more viable cardiovascular status. Comparison of CBF values associated with later seizures showed that hyperoxic responses were re stored under 97% O2 if mean CBF rose above 201%, whereas hypoxic responses continued if mean CBF rose no > 152% of control (Table 2) . Thus, the crit ical CBF level for restoration of seizure-associated increases in cerebral oxygenation (152-201% of control) compared favorably with the critical CBF level for initiation of seizure-associated decreases in cerebral oxygenation (151-247% of control).
Interictal CBF measurements
Measurements of CBF were made occasionally between seizures in 12 of 22 experiments. Interic tal values of CBF were greater than control values (Fig. 4) , which is consistent with enhanced ECoG activity in the form of interictal spiking. The interic tal increase in CBF diminished progressively during later seizures in proportion of the diminution of ictal CBF. Thus, interictal CBF values generally were 60% of ictal values measured from adjacent sei zures. This percentage was relatively consistent, re gardless of the time period from which CBF mea surements were made. Unfortunately, few mea surements were made interictally during ventilation with 97% °2, precluding comparisons with interictal values obtained under 30% 02' Attenuation of the rise in interictal CBF appeared to be the result of attenuation of both the rise in MABP and the fall of CVR (Fig. 4) .
DISCUSSION
Critical CBF value during seizures
A common feature in all models of generalized status epilepticus is progressive attenuation of the seizure-associated rise in CBF (Caspers and Speck mann, 1972; Meldrum and Nilsson, 1976; Heiss et al., 1979; Horton et al., 1980; Ingvar and Siesj6, 1983; Ingvar et al., 1984) . If seizures and their as sociated increase in CMR02 persist, then CBF should fall below a critical level at some point in the course of paroxysmal activity (Meldrum and Nils son, 1976) . This should create a condition of rela- tive hypoperfusion of cerebral tissue and a fall in cerebral oxygenation. The present investigation has demonstrated that the seizure-associated rise in CBF can attenuate sufficiently to reach a critical level for supplying O2 to cerebral tissue within 1-2 h of recurrent seizure activity. The critical value of CBF was determined at the seizure where there was a transition from an in crease to a decrease in the ratio of oxidized to re duced cytochrome aa3 (i.e., a transition from a hyperoxic cortical response to a hypoxic cortical response). This transition is consistent with seizure associated transitions in cortical tissue P02 and cy tochrome aa3 reported previously (Caspers and Speckmann, 1972; Kreisman et aI., 1981a Kreisman et aI., , 1983c . Similar results were obtained using a variety of an esthetic and convulsant agents in both rats and cats (Kreisman et al., 1983b) . A transition from an oxi dative to a reductive shift in cytochrome aa3 can be considered analogous to a transition from increased to decreased cerebral P02 because of the close and consistent association between these two parame ters of tissue oxygenation (Kreisman et aI., 1981 b) . For example, the relationship between tissue P02 and the relative oxidation/reduction level of cy tochrome aa3 remains linear during both early and late seizures (Kreisman et aI., 1981a) . This suggests that the diminished cerebral oxygenation during later seizures is the result of a fall in O2 delivery rather than a result of mitochondrial dysfunction. This is supported by reports of only mild changes in energy charge during prolonged seizures (Astrup et aI., 1979; Folbergrova et aI., 1981) .
In the present study, there was a consistent rela tionship between the magnitude of the rise in CBF and the direction of change in cortical oxygenation J Cereb Blood Flow Me/ab, Vol. 11, No.1, 1991 during individual seizures. During late seizures, CBF increased 247% of control (range 167-311%) in rats showing a hyperoxic cortical response, whereas CBF fell below 152% of control (range 111-198%) in rats showing a hypoxic cortical re sponse. Furthermore, restoration of the hyperoxic cortical response upon breathing 97% O2 occurred only if CBF was reelevated above a mean value of 201% of control (range 165-287%). These data indi cate that the critical CBF value lies somewhere be tween 152 and 201% of control. This magnitude of critical CBF elevation is consistent with the per centage rise in CMR02 reported by other investiga tors during seizures (Plum et al. 1968; Meldrum and Nilsson, 1976) . Variability in the critical CBF value among animals (see ranges above) would be ex pected because of small differences in the volume of tissue encompassed by the CBF and cytochrome aa3 measurements as well as differences in seizure intensity and magnitude of the associated rise in CMR02·
The critical CBF value of 1 5�200% of control found in this study is supported by observations of other investigators. First, depression of both CMR02 and cerebral functional activity was ob served following seizures in monkeys if the associ ated increase in CBF failed to exceed 200% of con trol (Schmidt et aI., 1945) . Second, Plum et ai. (1968) showed in dogs that cerebral venous P02 in creased if CBF rose >200% of control, but cerebral venous P02 decreased if CBF rose to only 15�200% of control. Finally, Astrup et al. (1979) , using con trolled hemorrhage, found ischemia-like changes in K + homeostasis when CBF failed to rise above an estimated value of 200% of control. These changes in K + homeostasis occurred prior to any deficit in energy charge, suggesting that a relative ischemia during seizures can cause functional deficits in the absence of more traditional signs of energy failure.
Role of systemic changes in attenuation of CBF
In the present experiments, attenuation of phasic increases in CBF with serial seizures was closely related to attenuation of seizure-associated in creases in MABP, whereas the seizure-associated fall in CVR was only slightly attenuated (Fig. 2) . Although the mean value of MABP decreased dur ing later seizures in the hypoxic response group, MABP still increased appreciably in 2 of the 12 rats, suggesting that cerebrovascular factors also playa role in the O2 transition. Therefore, the relative ischemia observed during later seizures is pri marily, but not exclusively, the result of derange ments in systemic cardiovascular function. This is supported by previous observations of attenuation of MABP and CBF during prolonged seizures (Jas per and Erickson, 1941; Caspers and Speckmann, 1972; Meldrum and Nilsson, 1976; Kreisman et ai., 1981a Kreisman et ai., , 1983c . Additionally, the dependence of the seizure-associated rise in CBF on a rise in MABP was shown clearly by Plum et ai. (1968) who found that CBF rose a maximum of only 150% of control when the seizure-associated rise in MABP was pre vented by ganglionic blockade or spinal transection. The cardiovascular complications leading to failure of MABP to rise during later seizures are unknown, but incipient congestive heart failure and arrhyth mias have been observed during intense seizures (White et ai., 1961; Doba et ai., 1975) . Derange ments in cardiovascular function could also result from other systemic complications, including acido sis, hypoglycemia, and high levels of circulating catecholamines (Meldrum and Horton, 1973; Was terlain, 1974; Aminoff and Simon, 1980; Young et ai., 1985; Benowitz et ai., 1986) .
Role of cerebrovascular changes in attenuation
of CBF CBF increases, and CVR falls, markedly during seizures (Plum et ai., 1968; Magnaes and Nomes, 1974; Meldrum and Nilsson, 1976 ) as a result of arterial dilation (Forbes and Nason, 1940; Myers and Intaglietta, 1976) . The finding of an attenuation in the seizure-associated rise in CBF is in agree ment with results of all other studies on CBF during the later period in models of both sustained and repetitive seizures. However, pial vessels are nearly maximally dilated following repetitive sei zures (Kontos et ai., 1978) and cortical blood vol ume is markedly increased (Kreisman et ai., 1981 (Kreisman et ai., a, 1983c . If one assumes that CBF is totally pressure passive at this stage of seizure activity (e .g., see Plum et ai., 1968) , then attenuation of the rise in CBF during later seizures must be due entirely to failure of MABP to increase. Although Fig. 2 strongly suggests this to be true, other data from the present study show cortical CBF can rise on occa sion, in the absence of an associated increase in MABP, to nearly the same levels observed during an earlier large rise in MABP (e.g., see Fig. 1 ). Ad ditionally, our data show a rise in CVR back toward control levels, both ictally and interictally, during the late seizure period. These results suggest that CBF is not totally pressure passive during seizures and that changes in cerebrovascular tone may still contribute to the attenuated rise in CBF. Therefore, either pial arterioles are not truly maximally dilated or some other segment of the cerebral vasculature must be constricted. In support of this idea, other investigators have observed constriction of small parenchymal arterioles during later seizures when pial vessels were maximally dilated (Noguchi et ai., 1959; Mchedlishvili et ai., 1970) . The attenuation in CBF during later seizures was attributed to the in creased resistance of penetrating arterioles and swelling of endothelial cells of arteries and capillar ies (Mchedlishvili et ai., 1970) . A similar profile of cerebrovascular changes is seen when the upper limit of pressure autoregulation is exceeded (Auer et ai., 1987) .
Ameliorative actions of breathing high levels of O2
The mechanism whereby ventilation with high levels of O2 restored elevations in oxygenation dur ing later seizures is unclear. P a02 was raised to nearly the same levels, regardless of whether breathing 97% O2 was successful or unsuccessful in restoring hyperoxic responses. This suggests that elevation of the O2 content of arterial blood alone is not sufficient to restore hyperoxic responses. This result, coupled with the requirement that CBF had to be elevated above 150-200% of control levels to restore the hyperoxic responses during late sei zures, indicates that vascular effects of O2 must play an important role. The beneficial effect of breathing 97% O2 appears to be primarily on the cortical rather than on the peripheral vasculature because MABP responses are improved only slightly ( Table 3) .
O2 causes constriction of pial vessels both under normal conditions (Heistad and Kontos, 1983 ) and during seizures (Kontos et ai., 1978) . In the present study, administration of 97% O2 prior to seizures and during early and late seizures usually produced the expected fall in both CBF and cortical blood volume ( Table 2) . These changes are consistent with constriction of pial vessels. The only exception was during those later seizures that were accompa nied by decreases in cerebral oxygenation. In this case, administration of 97% O2 enhanced the sei zure-associated rise in CBF in the animals that had stable MABP (i.e., 6 of 12 rats). This suggests that some population of cerebral vessels must have di lated in response to 97% O2 following the O2 tran sition. We have no explanation for this interesting but apparently discrepant response to 97% O2, However, rats in which 97% O2 was effective in restoring cortical hyperoxic responses had stable blood pressures, whereas rats in which 97% O2 was ineffective had rapidly deteriorating blood pres sures. Additionally, two of the six rats in this latter category was markedly hypotensive by the time 97% O2 was administered. Thus, it is possible that there is some link between cardiovascular status and the response to 97% O2 during later seizures, but the nature of that link cannot be determined from our data.
Hypoxia/ischemia and neuronal damage
At one time, hypoxia and ischemia were the pri mary factors proposed to contribute to neuronal damage in status epilepticus, as a result of cerebral vasospasm (Spielmeyer, 1927) or vascular compres sion (Scholz, 1959) . However, consistent observa tions of marked increases in CBF during seizures purportedly ruled out these factors in the pathogen esis of neuronal damage (e.g., see Plum et aI., 1968; Horton et aI., 1980) . In contrast, the present results suggest that some abnormality in cerebrovascular responsiveness may develop during prolonged epi sodes of repetitive seizures. This contributes, along with attenuated increases in MABP, to a relative hypoperfusion of the cerebral cortex. Nonetheless, the role of hypoxia/ischemia in neuronal damage following status epilepticus remains controversial. For example, Pinard et ai. (1987) reported that the hippocampus can sustain seizure-induced damage in the absence of accompanying tissue hypoxia. This is an important finding that may reflect the particular seizure model employed. In contrast, re cent reports on experiments employing recovery models concluded that hypoxia can precipitate or aggravate generalized seizure-induced neuronal damage and that the histopathological profile of ir reversible damage following status epilepticus is in distinguishable from that following mild ischemia (Soderfeldt et aI., 1983; Blennow et aI., 1985; Ne vander et aI., 1985; Auer and Siesjo, 1988) . The observations of a relative ischemia made in the present investigation are consistent with these latter studies.
